The behavior of metal droplets in a slag-metal-gas emulsion through impinging gas blowing was investigated experimentally using a cast iron-slag-nitrogen gas system at high temperatures. A mathematical model of the emulsification process for determining the generation rate, size distribution, and residence time of metal droplets has been developed and successfully validated using experimental data. From the present work, it was found that the generation rate and size distribution of metal droplets is strongly influenced by the ratio of the inertial force of blown gas to the surface tension and buoyancy forces of the liquid metal. A new dimensionless number, i.e. blowing number, which represents the ratio of inertial to surface tension and buoyancy forces and also the departure of the system from its stable condition defined by the Kelvin-Helmholtz criterion, is proposed. A functional relationship of generation rate and size distribution of metal droplets with the blowing number is proposed.
Introduction
Metal droplets generated by an impinging gas jet play a significant role in metal processing operations, such as oxygen steelmaking and direct smelting processes. Since the available interfacial area of droplets is very large in these processes, the generated droplets enhance the rates of heat transfer and chemical reactions. Therefore, knowledge of the metal droplet generation rate, size distribution, and residence time is important.
Numerous experimental and theoretical studies have been performed to investigate the physical behavior of metal droplets in slag-metal-gas emulsions as summarized by Subagyo et al. 1) Problems in sampling at high temperature, the interconnected nature of slag and metal, and problems in scaling-up cold modeling results to plant conditions, mean that there is only limited understanding of the generation rate and the residence time of metal droplets in the emulsion.
In this paper, the behavior of metal droplets in a slagmetal-gas emulsion generated through impinging gas blowing was investigated by means of hot model experiments. To overcome the experimental difficulty of dealing with the interconnected condition between metal and slag, a mathematical model of the emulsification process has been developed and used for data analysis. Finally, functional correlations between the droplet behavior, i.e. generation rate and size distribution, and blowing parameters are proposed.
Experimental
Experiments were conducted in a 75 kW induction furnace with an MgO crucible. The inner diameter and the height of crucible were 190 and 295 mm, respectively. For assisting the melting of slag, a graphite ring (100 mm height) was installed outside of the MgO crucible around the slag line. The furnace was covered by a lid, made from 25.4 mm Duraboard 2 600 Fiberfrax ® , which was fitted with ports for an injection lance, a thermocouple, a sampling port, and an exhaust. The vertical lance was at the centre of the furnace. Graphite was used for the lance (3 mm i.d. and 25 mm o.d.). Cast iron and calcium-aluminate slag were used to form a metal-slag system, and high purity nitrogen gas (99.998% N 2 ) was used as the blowing gas. The chemistry of the cast iron and slag is presented in Table 1 .
After the iron and the slag were melted, the temperature was measured with a single use probe. The temperature of the bath was between 1 650 to 1 720°C. Subsequently, slag and metal samples were taken from the furnace and then the lid was placed on top of the crucible. Finally the nitrogen gas blowing was started. Slag and metal samples were taken every minute during the first five minutes of blowing and every five minutes for the rest of the blow. After finishing one run, the lid was removed from the furnace and the metal droplets stuck to the lid were used to analyze the size distribution of the droplets.
Data Analysis
Because the experimental temperature is relatively high, i.e. 1 600 to 1 750°C, and the metal-slag phase is interconnected, direct measurement of generation rate, size distribution, and residence time of metal droplets is very difficult. Therefore, a mathematical model that correlates those parameters with the measured quantities, such as metal droplet fraction in emulsion and metal droplets stuck to the lid, is required.
A schematic diagram of the emulsification process considered is presented in Fig. 1 . Due to the action of a gas blowing from above, metal droplets are generated and ejected out of the metal bath, with rate R B , into the slag phase. By gravitational forces and convection, the droplets fall back into the metal bath, with rate R D after spending a certain time in emulsion. These two competing processes govern the amount metal of droplets in the emulsion, V d .
At the initial stage of blowing, in which the V d value is much lower than its value at steady state, the droplet generation rate dominates the process. As blowing proceeds, since the R D increases, the rate of increasing V d in emulsion decreases. Finally, a steady state is reached where the rate of both processes, i.e. R B and R D , becomes equal, and a steady state amount of droplets is established. By assuming the system is a closed system, from the principle of mass conservation at the slag-metal interface, the following equation can be derived. Since all droplets "i " are assumed to have the same residence time, t i , and no droplets "i " return to the bath during the period of blowing from 0 to t i , and the steady state condition of droplets "i " is reached at time t i , or mathematically can be written as, (9) where ū i is the average velocity of droplet "i " and l i is the trajectory of droplet "i " in emulsion. Since direct measurement of ū i and l i in the present experiment is extremely difficult, it is convenient to define a constant k, which satisfies the following relation. (10) where u ti is the terminal velocity of droplet "i " and H e is the height of the emulsion. The value of u ti is a function of droplet size and emulsion properties, and it can be determined using a correlation given by Subagyo and Brooks. 4) If knowledge of the droplet size distribution is available and by assuming all droplets have the same value of constant k, the value of k can be determined from a set of V d versus t data at non-steady state blowing condition with constant R B . This is carried out by optimizing the value of k with respect to a minimum discrepancy between calculated values and measured values.
The value of average residence time of metal droplets in emulsion, t, can be determined by (13) where R is the percent of the cumulative weight of droplets retained in a screen with diameter d and the parameters dЈ and n represent the distribution parameters. The parameter dЈ is the diameter of a screen for Rϭ36.8%. The value of dЈ is a function of sampling position above the bath, while the values of n is independent of sampling position.
5) The correlation of dЈ with sampling position is given by Ji et al. 7) ....................... (14) where d 1 Ј is the RRS distribution of the droplets taken at distance H p from the top of the metal bath and H m is the height of the metal bath.
Due to the impact of the impinging gas blowing on the metal bath surface, metal droplets are generated and ejected out of the metal bath into the emulsion (slag-metal-gas) phase. Then, after spending a certain residence time in emulsion phase, the droplets will fall back into the metal bath. Since the residence time of metals droplets is not uniform, the size distribution of the metal droplets sampled from the emulsion will be different from the distribution of generated droplets. The size distribution of metal droplets found in the emulsion samples generally lies in between 0.05 and 5.0 mm, 1, 5) whilst measured data of size distribution in the immediate vicinity of the impact area on a hot model experiment by Koria and Lange 5) showed that the size of generated droplets lies between 0.04 and 70 mm.
By assuming a closed system and steady state emulsification, from the principle of mass conservation in the emulsion, the relationship between the distributions of droplet size in emulsion sample and in generated droplets can be developed. 
Similarity Criteria
He and Standish 8) proposed the "nominal Weber number", N NWe , as similarity criterion for droplet generation rate through top gas blowing. These workers in fact termed this number the Weber number, but this differs from the dimensionless number conventionally termed the Weber number, hence the "nominal" designation. This dimensionless number is defined as 17) where r G and r L denote the density of gas and liquid, respectively, and g is gravitational acceleration, s is surface tension, and u J is the free turbulent jet axial velocity. From their experiments using water and mercury-glycerine models, they found that the pattern of droplet generation exhibited a similar pattern when considered in terms of this nominal Weber number. By performing mechanism ratio analysis on the nominal Weber number, it can be shown that this dimensionless number represents a ratio of inertia forces to the square root of surface tension and buoyancy forces.
The results of He and Standish 8) were further developed by Deo and Boom 9) into a correlation for predicting metal droplet generation in oxygen steelmaking. They related metal droplet generation per unit volume of blown gas to N NWe by assuming a behavior similar to cold modeling results reported by He and Standish. 18) where u G denotes the critical gas velocity, related to the free turbulent jet axial velocity, u J , by 10) be seen that both dimensionless quantities represent the same force ratio. However, the former has superior physical meaning to the latter, as a direct measure of how many times the critical Kelvin-Helmholtz instability criterion is exceeded. For this reason, it is proposed that the quantity on the left hand side of Eq. (18) will be used to characterize metal droplet behavior in slag-metal-gas emulsion through gas blowing in the following discussion, and for convenience, the dimensionless parameter is called the "blowing Figure 2 shows a typical comparison of the measured size distribution of metal droplets stuck on the lid and RRS distribution. It is clearly demonstrated that the RRS distribution successfully compares with measured data. Similar to the result presented in Fig. 2 , other sets data of droplets size distribution stuck at the lid from the present work also exhibit a similar agreement to RRS distribution. These results confirm the work of Koria and Lange 5, 6) that the size distribution of metal droplets produced by impinging gas blowing follows an RRS distribution.
Results and Discussion

Model Validation
The variation of dЈ 1 , RRS distribution parameter, with sampling position of droplets is presented in Fig. 3 . As shown in the figure, there is a reasonable agreement between measured values with predicted using Eq. (14) . Therefore, it can be concluded that Eq. (14) can be used for predicting the size distribution of generated droplets based on droplets size distribution of a sample taken at distance H p from the top of metal bath. It should be noted here that the value of parameter n in the RRS distribution in this work is assumed independent of sampling position. This assumption was justified by experimental work of Koria and Lange, 5) who reported that the value of n is independent of the sampling position above the bath.
In order to facilitate validation of the emulsification model, Eqs. (4) to (16), the predicted size distribution of metal droplets in emulsion with measured data are plotted together in Fig. 4 . The direct measured data for developing the predicted line in Fig. 4 were: size distribution of metal droplets in the lid, height of slag and metal, and metal fraction in emulsion sample as function of blowing time. The predicted line was constructed using Eq. (16). The size distribution of generated droplets, F i , was obtained from the size distribution in the lid using Eq. (14) . The residence time distribution, t i , is determined using Eqs. (4) to (10) .
The graph in Fig. 4 shows good agreement between experimental data and predicted values, indicating that a close approximation to reality for the prescribed conditions has been achieved. The deviation between the predicted and the measured values is attributed to the sampling method. Since the measured data are evaluated from a sample, not from the whole emulsion, the non-homogeneous condition of the emulsion, as observed in low temperature processes 11, 12) caused error in the data.
Droplet Size
As observed by Koria and Lange 5) and confirmed in this work, relatively large metal droplets are generated by impinging gas blowing. From the present experimental condition, it can be determined that the size of generated droplets lies between 0.3 to 90 mm with Sauter mean diameter of 9.5 to 21 mm.
Evaluation of droplet size in the emulsion at steady state shows that the Sauter mean diameter lies between 0.69 to 1.15 mm, depending on the blowing parameters. This agrees well with numerous reported data taken from emulsions previously summarized by Subagyo et al. 1) and Koria and Lange. 5) It is interesting to note that the significant difference between the average size of generated droplets and the average size of droplets sampled from emulsion is not merely the effect of sampling position, as stated by Koria and Lange, 5) but is also due to effect of residence time of droplets in the emulsion. As explicitly shown in Eqs. (15) and (16), the size distribution of the droplets in the emulsion is not only a function of the size distribution of generated droplets, but also their residence time. Since the residence time of the large droplets is shorter than that of the small droplets, it is logical that the average droplet size in emulsion samples is smaller than the average size of generated droplets. Figure 5 shows the effect of blowing number, N B , on the values of RRS distribution, i.e. dЈ and n. The results of the present work are plotted together with experimental results reported by Koria and Lange.
5) The dependency of RRS distribution parameters to the blowing number was evaluated by correlation test. This test has given correlation coefficient values of 0.967, Ϫ0.124, and Ϫ0.225 for dЈ against N B , n against N B , n and against dЈ, respectively. These results suggest that dЈ is highly dependent on N B , while n is independent on N B and dЈ. These results are in good agreement with the results reported by Koria and Lange 5) that the value of dЈ is a function of blowing parameters, whilst the value of n is independent of blowing parameters and dЈ. Moreover, Koria and Lange 5, 6) suggested the n value of 1.26 for steel production. On the present experiments nϭ1.44Ϯ 0.43, this value is in reasonable agreement with their findings.
A regression analysis of the present data combined with Koria and Lange data 5) yields the following empirical correlation, where dЈ is the fineness parameter of RRS distribution in mm. The correlation explains only 82% of the variation also inherently stochastic, which may reflect problems in achieving tight experimental control, such as preventing temperature gradients in the induction furnaces, dissolution of the lance during the experiment and the effect of the relatively small diameter of the crucible on emulsion behavior (i.e. wall effects). Figure 6 shows the variation of the droplet generation rate per unit volume of the blown gas with the blowing number. The results of the present work under high temperature conditions are plotted together with low temperature results reported by Standish and co-workers. 8, 13) The present results exhibit a remarkably similar pattern to the water model results of Standish and co-workers, 8, 13) showing that the characteristics of droplet generation observed in water models are the same as at high temperature conditions. At N B less than three, the droplet generation follows a dropping mechanism whilst at N B higher than three, the droplet generation follows a swarming mechanism. 8, 13) These mechanisms of droplet generation were observed by Standish and He 13) on water model experiment using a high-speed camera.
Droplet Generation Rate
Using the present measured data combined with experimental data of Standish and co-workers, 8, 13) the following empirical correlation between droplet generation rate per unit volume of blown gas and the blowing number can be derived.
......... (23) where F G is the volumetric flow of blown gas in normal cubic meters (Pϭ1 atm and Tϭ273 K) per seconds and R B is the droplet generation rate in kilograms per seconds. Equation (23) is formulated by using an asymptotic solution approach, 14) which enable the development of single equation for system with multiple regimes. This relationship provides a good fit (R-squaredϭ0.97) with the combined cold and hot modeling data. The scatter of hot experimental results reflects problems in achieving tight experimental control, such as preventing temperature gradients in the induction furnaces.
It is important to note that this modeling does not consider the impact of reaction on the emulsification behavior, though it is reasonable to assume that droplet generation in impinging gas-blowing systems, such as oxygen steelmaking, is dominated by mechanical considerations. Certainly, the generation of fine CO bubbles in the emulsion of an oxygen steelmaking vessel will affect the behavior of droplets in the emulsion though we would expect the dominant effect to be the impact of the high-speed gas on the surface of the molten iron. Furthermore, the others factors such as fume formed will be much smaller and can be neglected. The formulae developed in this study will allow prediction of these critical parameters.
Conclusions
A new dimensionless number, the blowing number, has been developed based on the ratio of inertial forces due to blowing to the surface tension and buoyancy forces. The onset of droplet formation occurs when the blowing number is equal to unity, which represents the criterion for Kelvin-Helmholtz instability.
The rate of droplet generation in the present work increases with the extent to which the Kelvin-Helmholtz instability criterion is exceeded. The droplet generation rate follows the same function of blowing number in both cold and hot systems.
The size distribution of generated droplets follows the Rosin-Rammler-Sperling (RRS) distribution characterized by parameters dЈ and n. The size distribution of droplets in the emulsion is related to the generated distribution via the residence times of each droplet. The parameter dЈ increases with the blowing number, while the parameter n is relatively constant. 
